INTRODUCTION
============

The fidelity with which mRNA is decoded into proteins is essential for maintenance of the genetic code and is dependent on the specific coupling of amino acids to tRNAs by aminoacyl-tRNA synthetases (aaRSs). Once synthesized, the aminoacyl-tRNA (aa-tRNA) molecules are selectively bound and delivered to the ribosome by elongation factors (EF-1α in eukaryotes and archaea or EF-Tu in bacteria), providing the growing polypeptide chain with substrates for translation elongation. Based on active site architectures, the aaRSs are divided into two classes (class I and II) comprised of 10 members each ([@B1],[@B2]). While the two classes of aaRSs perform the same essential function, class I aaRSs approach tRNAs from the minor groove of the tRNA acceptor stem and may be rate-limited by aa-tRNA release, and class II aaRSs approach the major groove of tRNAs and are rate-limited by a step prior to product release ([@B3]). These distinctions between class I and class II enzymes may compel an association of translation EFs with class I aaRSs for efficient aa-tRNA release. Conversely, class II aaRSs may not require stable interactions with EFs for efficient product release. Once synthesized, aa-tRNAs are selectively bound by EF-1α in a ternary complex with GTP (EF-1α·GTP·aa-tRNA) and delivered to the ribosome. Upon codon--anticodon recognition on the ribosome, GTP is hydrolyzed, releasing the aa-tRNA in the ribosomal A site. Finally, the inactive EF-1α·GDP complex dissociates from the ribosome, and is then re-activated with GTP for the next round of aa-tRNA selection.

An intricate network of protein--protein interactions is required for efficient translation in eukaryotes and archaea. In yeast, e.g. the accessory factor Arc1p stably interacts with the cytoplasmic methionyl- and glutamyl-tRNA synthetases (MetRS and GluRS, respectively) ([@B4]). In this ternary complex Arc1p facilitates the binding of the two tRNA substrates, thus increasing the catalytic efficiencies of both MetRS and GluRS. In mammalian cells, a multi-synthetase complex (MSC) exists, composed of nine aaRS activities (leucyl-, lysyl-, prolyl-, isoleucyl-, methionyl-, glutamyl-, glutaminyl-, arginyl- and aspartyl-tRNA synthetases) and three auxiliary proteins ([@B5; @B6; @B7; @B8]). Although the function of this complex in translation has not been fully elucidated, it has been proposed to play roles in both the exclusion of certain synthetases from the nucleus ([@B9],[@B10]) and the control of non-canonical functions of aaRSs beyond translation ([@B11],[@B12]). MSCs have also been reported in bacteria ([@B13]), and in archaea a smaller complex was described in *Methanothermobacter thermautotrophicus* that contained three of the same aaRS activities as the mammalian MSC, namely leucyl- (LeuRS), lysyl- (LysRS) and prolyl-tRNA synthetases \[ProRS ([@B14],[@B15])\]. Steady-state kinetic analyses showed that the catalytic efficiencies of both LysRS and ProRS were enhanced several-fold when in complex as compared to the free enzymes, while aminoacylation by LeuRS remained unchanged.

In addition to the larger MSC, higher eukaryotes contain a smaller complex composed of valyl-tRNA synthetase (ValRS) and EF-1α, which enhances the catalytic activity of ValRS almost 2-fold ([@B16; @B17; @B18; @B19; @B20]). This interaction has also been proposed to play a role in substrate channeling, whereby the newly synthesized aa-tRNA is directly transferred to the ribosome via EF-1α without diffusion to the cytoplasm ([@B21]). The stable complex between EF-1α and ValRS, a class I aaRS, correlates with the ability of EFs to form complexes with and enhance the rate of aminoacylation by class I aaRSs ([@B3]). EF-1α has also been shown to stimulate the dissociation of Asp-tRNA^Asp^ from AspRS, providing further support for substrate channeling in translation ([@B22]). Additionally, mammalian tryptophanyl- and phenylalanyl-tRNA synthetases have been suggested to associate with EF-1α, although these interactions have not been characterized *in vitro* and the possible cellular roles of these associations remain unknown ([@B23],[@B24]).

To investigate if aaRS:EF-1α complexes exist outside of the mammalian model systems, we undertook a systematic search for proteins interacting with EF-1α in archaea, which identified LeuRS as a stable partner. While the functional effects of complex formation on the activity of EF-1α were modest, the catalytic activity of LeuRS was significantly enhanced when compared to free enzyme. These data indicate the existence of a stable EF-1α·LeuRS complex in archaea and further suggest the association of EF-1α with the archaeal MSC. When considered in conjunction with earlier data, these associations enhance the overall rate of aminoacylation by all three aaRSs in complex, and facilitate transfer of newly synthesized aa-tRNAs to the ribosome via EF-1α.

MATERIALS AND METHODS
=====================

Media, strains and plasmid construction
---------------------------------------

Media preparation and transformation of yeast host strain MaV203 with the bait vector pDBLeu and prey vector pDEST22 were performed according to the manual for ProQuest Two-Hybrid System (Invitrogen) and as described ([@B15]). All primers were from Integrated DNA Technologies. To construct the yeast two-hybrid bait vector containing the *M. thermautotrophicus tuf* gene (encoding EF-1α; MTH1058), the corresponding sequence was isolated by PCR using genomic *M. thermautotrophicus* DNA as template, the primers 5′-GTCGACCATGGCTAAAGA-3′ and 5′-GCTAGCTTATTTTGCTGG-3′ flanked by SalI and NheI sites, and *Pfu* DNA polymerase (Stratagene). The *tuf* PCR product was cloned into PCR-Blunt II-TOPO vector (Invitrogen), sequenced, and subsequently sub-cloned into the yeast ProQuest Two-Hybrid bait vector pDBLeu using the SalI and NheI restriction sites. Construction, amplification and screening of the *M. thermautotrophicus* cDNA-based yeast two-hybrid library were as previously described ([@B15]).

His~6~ fusion derivatives of LeuRS, LysRS and ProRS (MTH1508, MTH 1542 and MTH611, respectively) were prepared as previously described ([@B15]). C-terminal His~6~ tagged fusion derivatives of EF-1α and AlaRS (MTH1683) were prepared by inserting the corresponding PCR amplified genes into pET11a and pET33b vectors, respectively. For the His~6~-EF-1α construct, forward primer 5′-CATATGGCTAAAGAAAAAGAACACA TGA-3′ and reverse primer 5′-TGCTCTTCCGCATTTTGCTGGTACGAGGTCTATG-3′ were used. Cloning EF-1α into pET11a was done by isolating the respective NdeI and SapI fragment and ligating into NdeI and SapI digested pET11a. For the His~6~-AlaRS construct, forward primer 5′-GCTAGCATGATTACCATGTCCCATCAGCTTGAA-3′ and reverse primer 5′-GCG GCCGCCCTTCCTCACAGTAC TGAGTGCAGCT-3′ were used. Cloning AlaRS into pET33b was done by isolating the respective NheI and NotI fragment and ligating into NheI and NotI digested pET33b.

Protein production and purification
-----------------------------------

His~6~-LeuRS, His~6~-ProRS and His~6~-LysRS were produced and purified as previously described ([@B15]). His~6~-AlaRS was produced by transforming *Escherichia coli* BL21-RIL (Stratagene) with pET33b-*alaS*. The resulting transformants were grown and induced to produce protein using the Overnight Express Auto-induction System 1 (Novagen) following the manufacturer\'s protocol. Cell-free extract was produced by passing cells in buffer A \[50 mM NaH~2~PO~4~ (pH 8.0), 300 mM NaCl and 10 mM imidazole\] containing a protease inhibitor mixture tablet through a French pressure cell (Complete Mini, EDTA-free; Roche Applied Science) followed by centrifugation at 70 000 × *g* for 45 min. To reduce the amount of contaminating *E. coli* proteins, the supernatant was incubated at 60°C for 10 min followed by ultracentrifugation at 100 000 × *g* for 1 h. The supernatant from ultracentrifugation was loaded onto a Ni-NTA^2+^ column, washed extensively with buffer A, and eluted with an imidazole gradient (0--250 mM) in the same buffer. His~6~-EF-1α was produced by transforming *E. coli* BL21-RIL with pET11a-*tuf* and purified as previously described ([@B15]). Fractions containing His~6~-EF-1α and His~6~-AlaRS, as determined by SDS-PAGE Coomassie Brilliant Blue staining were pooled, concentrated by ultrafiltration (Amicon 30, Millipore) and stored at −80°C.

tRNA purification
-----------------

Purification of *in vitro* transcribed tRNA^Pro^ and tRNA^Leu^, and total tRNA from *M. thermautotrophicus* were as previously described ([@B15]). *In vitro* transcribed *M. thermautotrophicus* tRNA^Lys^ and tRNA^Ala^ were inactive in aminoacylation (data not shown).

Aminoacylation assays
---------------------

[l]{.smallcaps}-\[U-^14^C\] leucine (306 mCi/mmol), [l]{.smallcaps}-\[U-^14^C\] lysine (312 mCi/mmol), [l]{.smallcaps}-\[U-^14^C\] proline (241 mCi/mmol) and [l]{.smallcaps}-\[U-^14^C\] alanine (164 mCi/mmol) were all from Amersham Biosciences. A pre-reaction mixture containing 250 mM KCl, 100 mM Na-HEPES (pH 7.5), 10 mM dithiothreitol, 10 mM MgCl~2~, 50 μg/ml BSA, 6 mg/ml *M. thermautotrophicus* total tRNA or *in vitro* transcribed tRNA and enzymes at concentrations indicated for specific experiments was pre-incubated for 20 min at room temperature. The appropriate radiolabeled amino acid was then added to the mixture and the temperature increased to 50°C. After 1 min, 5 mM ATP was added to start the reaction. Aliquots were spotted onto 3MM paper pre-soaked in 5% trichloroacetic acid (TCA) (w/v), washed in TCA, and the radioactivity counted.

Fluorescence anisotropy
-----------------------

Fluorescent labeling and anisotropy measurements were based upon previously published procedures ([@B25]). LeuRS, AlaRS, LysRS, ProRS and EF-1α were labeled with an amine-reactive, extrinsic fluorophore, Alexa Fluor® (AF) 488 tetrafluorophenyl ester (Molecular Probes, Eugene, OR, USA) as previously described at a molar ratio of 1:10 enzyme:fluorophore. After labeling, protein was visualized on a 10% SDS-polyacrylamide gel and subjected to ultraviolet illumination, which confirmed that the final labeled product contained little or no free fluorophore. Prior to use in fluorescence anisotropy measurements, the activity of LeuRS-AF, AlaRS-AF, LysRS-AF and ProRS-AF were verified by aminoacylation assays and protein concentrations determined via active site titration (with the exception of LysRS). The concentrations of labeled LysRS-AF and EF-1α-AF were determined by dye binding (BioRad).

Equilibrium dissociation constants were determined by measuring the fluorescence anisotropy of LeuRS-AF, AlaRS-AF or EF-1α-AF (100 nM each) as a function of increasing concentrations of an unlabeled protein using a Fluorolog-3 spectrofluorimeter (Horiba Jobin Yvon) as previously described ([@B15],[@B25]). The concentration ranges of unlabeled protein used in fluorescence anisotropy experiments with LeuRS-AF and AlaRS-AF were 50--6400 nM unlabeled EF-1α. Alternatively, labeled EF-1α-AF was incubated in the presence of unlabeled AlaRS (50--7000 nM). All measurements were carried out at least three times and the titration curves were fitted assuming a 1:1 binding stoichiometry.

Co-immunoprecipitation of EF-1α with LeuRS
------------------------------------------

Total 100 µl agarose beads coated with Protein A were washed with 900 µl Na-HEPES (pH 7.5) and resuspended in 1 ml of the same buffer. Anti-EF-1α was then added to the beads, which were shaken at room temperature for 20 min, and washed three times \[20 mM Na-HEPES (pH 7.5), 150 mM NaCl, 10% glycerol and 0.1% Triton X--100\]. Cells were resuspended in a buffer containing Tris--HCl (pH 8.0), 150 mM NaCl, 1% Triton X-100, 1 mM phenylmethanesulfonyl fluoride; EF-1α (0.6 µM) was added, followed by shaking at 4°C for 1 h, and the beads then washed two times in the same buffer. Labeled LeuRS-AF (0.6 µM) was then added and the mixture was shaken at 4°C for 1 h. Following incubation, the beads were washed with 900 µl each of buffer 1 \[50 mM Na-HEPES (pH 7.5), 500 mM NaCl, 0.2% Triton X-100 and 5 mM EDTA\], buffer 2 \[50 mM Na-HEPES (pH 7.5), 150 mM NaC1, 0.1% Triton X-100, 5 mM EDTA and 0.1% SDS\] and buffer 3 \[10 mM Tris--HC1 (pH 8.0) and 0.1% Triton X-100\]. The beads were finally resuspended in 20 µl of SDS-PAGE loading buffer and incubated at 100°C for 5 min. Supernatants were resolved by electrophoresis on a 10% SDS-PAGE gel and then visualized by fluorescent scanning.

Nucleotide exchange and GTP hydrolysis by EF-1α
-----------------------------------------------

EF-1α was assayed for its ability to bind \[^3^H\]-GDP retained on nitrocellulose filters. Nucleotide exchange activity of 0.5 µM EF-1α was measured at 50°C in the presence of 100 µM \[^3^H\]-GDP (546 c.p.m./pmol) in a buffer containing 20 mM Tris--HCl, pH 7.5, 50 mM KCl, 10 mM MgCl~2~ and 1 mM DTT. The exchange reaction was started by the addition of GDP or GTP as previously described ([@B26]). The solution was filtered onto nitrocellulose filters following the reaction, washed twice with 3 ml cold buffer, dried and radioactivity counted by liquid scintillation.

Measurements of the intrinsic GTPase activity of EF-1α \[γ-^32^P\]-GTP were performed in a buffer containing 20 mM Tris--HCl (pH 7.5), 10 mM MgCl~2~, 3 M NaCl, 50 µM \[γ-^32^P\]-GTP (76 c.p.m./pmol), 1 mM DTT and 0.4 µM EF-1α in the presence or absence of LeuRS or BSA at concentrations indicated. Reaction mixtures were incubated at 50°C, and aliquots removed periodically, quenched by addition of ice-cold 1% charcoal (w/v) in 5.6% perchloric acid, and liberation of \[γ-^32^P\]-P~i~ measured using a charcoal adsorption assay on 3MM Whatman filters ([@B27],[@B28]). The remaining \[γ-^32^P\]-GTP was then estimated by scintillation counting.

Elongation factor protection of aminoacyl-tRNA against spontaneous deacylation
------------------------------------------------------------------------------

*M. thermautotrophicus* EF-1α (15 μM) was activated in a buffer containing 50 mM Tris--HCl (pH 7.5), 1 mM GTP, 100 mM di-potassium glutarate, 10 mM MgCl~2~, 25 mM KCl, 5 mM DTT, 1.5 M NH~4~Cl, 3 mM PEP and 30 µg/ml pyruvate kinase ([@B28]). 15 µM *Thermus thermophilus* bacterial EF-Tu (15 μM) was activated in a buffer containing 50 mM Tris--HCl (pH 7.5), 70 mM KCl, 0.5 mM GTP, 7 mM MgCl~2~, 1 mM DTT, 2.5 mM PEP and 30 µg/ml pyruvate kinase ([@B29]). To test the protective effects of the archaeal EF-1α or bacterial EF-Tu against spontaneous hydrolysis of aa-tRNA, \[^14^C\]-Leu-tRNA^Leu^ (0.9 µM) was incubated at 50°C in the presence of 4 µM activated EF-1α or EF-Tu in activation buffer. At specific time intervals, aliquots were removed, precipitated with cold trichloracetic acid, filtered on nitrocellulose filters, dried and radioactivity counted.

Co-Purification of LeuRS, LysRS, ProRS and detection of EF-1α by immunoblotting
-------------------------------------------------------------------------------

LeuRS, LysRS, and ProRS were co-purified from *M. thermautotrophicus* cell-free extract as previously described ([@B15]). Proteins were separated by SDS-PAGE and electroblotted onto nitrocellulose as previously described ([@B30]). Each fraction was then assayed for the presence of EF-1α by immunoblotting using antibody specifically directed against *M. thermautotrophicus* EF-1α.

RESULTS
=======

Identification of proteins interacting with EF-1α
-------------------------------------------------

An *M. thermautotrophicus* cDNA library (cloned into the pDEST22 prey vector) was screened, searching for proteins that interact with the archaeal EF-1α (encoded in the bait vector pDBLeu). A total of 1.4 × 10^5^ transformants were screened for the protein--protein interaction phenotype and approximately 100 clones were selected for plasmid isolation and sequencing. Proteins identified from the screen were divided into four categories based on functional annotation ([Table 1](#T1){ref-type="table"}). Two clones, each identified multiple times, contained genes involved in protein modification: a transglutaminase-like protein (MTH412) and a chaperonin (MTH218). Both clones have been isolated in previous screens and would not be expected to form specific interactions with EF-1α ([@B14],[@B15]). Eight clones, each identified once in the screen, contained genes involved in methanogenesis (MTH965, MTH1130, MTH1135, MTH1161, MTH1162, MTH1163, MTH1164 and MTH1165). Methanogenesis protein subunits are known to associate as higher order complexes and would not be expected to associate with EF-1α specifically. Additionally, these and similar methanogenic proteins were identified in previous screens of this *M. thermautotrophicus* library, suggesting that the interactions are non-specific. The third category included an ATP synthase subunit (MTH957), signal peptidase (MTH1448), magnesium chelatase subunit (MTH673) and three proteins of unknown function (MTH674, MTH1843 and MTH1858). Similar to the second category, these proteins were found in previous screens and likely do not form specific interactions with EF-1α. The fourth category was composed of proteins involved in translation, LeuRS (MTH1508) and AlaRS (MTH1683), which were each identified once in the screen ([Table 2](#T2){ref-type="table"}). To gain insight into possible links between EFs and other cellular components involved in translation, associations between EF-1α and LeuRS and AlaRS were further investigated *in vitro*. Table 1.Proteins identified as interacting with *M. thermautotrophicus* EF-1αFunctionORF[^a^](#TF1){ref-type="table-fn"}Description[^b^](#TF2){ref-type="table-fn"}TranslationMTH1508Leucyl-tRNA synthetaseMTH1683Alanyl-tRNA synthetaseProtein modificationMTH412TransglutaminaseMTH218ChaperoninMethanogenesisMTH965Tungsten formyl methanofuran dehydrogenase, subunit FMTH1130Methyl coenzyme M reductase II, gamma subunitMTH1135Methyl viologen-reducing hydrogenase, gamma subunitMTH1161*N*^5^-methyltetrahydromethanopterin: CoM methyltransferase, C-subunitMTH1162*N*^5^-methyltetrahydromethanopterin: CoM methyltransferase, D-subunitMTH1163*N*^5^-methyltetrahydromethanopterin: CoM methyltransferase, E-subunitMTH1164Methyl Coenzyme M reductase, alpha subunitMTH1165Methyl Coenzyme M reductase, gamma subunitOtherMTH957ATP synthase subunit CMTH1448Signal peptidaseMTH673Magnesium chelatase subunitMTH674Unknown functionMTH1843Unknown functionMTH1858Unknown function[^1][^2] Table 2.Yeast two-hybrid interactions with EF-1αPlasmids- His +25 mM 3-AT- Ura + 0.2% 5-FOADescriptionControl A−++No interaction standardControl B++Weak interaction standardControl C+++/−Moderate interaction standardControl D+++−Strong interaction standardpDBLeu- EF-1α/pDEST-LeuRS++++/−LeuRS insert in prey vectorpDBLeu- EF-1α/pDEST-AlaRS+++/−AlaRS insert in prey vectorpDBLeu- EF-1α/pPC86+/−+No insert in prey vector[^3]

Association of EF-1α with LeuRS and AlaRS
-----------------------------------------

To investigate possible interactions between EF-1α and the two aaRSs, fluorescence anisotropy experiments were employed to determine equilibrium dissociation constants (*K*~D~s) as previously described ([@B25]). The affinity between LeuRS-AF and EF-1α·GDP was investigated in the presence of increasing concentrations of unlabeled EF-1α, which resulted in a significant increase in anisotropy and a *K*~D~ of 730 ± 130 nM ([Figure 1](#F1){ref-type="fig"}A). Although determination of the binding affinities between each labeled aaRS and EF-1α·GTP would also be of interest, it is technically impractical to maintain EF-1α in the GTP-bound state under the conditions required for fluorescence measurements. The binding of AlaRS-AF to EF-1α could not be detected by fluorescence anisotropy ([Figure 1](#F1){ref-type="fig"}B), however, regardless of which of the two proteins was labeled with the fluorescent dye (data not shown). This suggests that EF-1α and AlaRS do not form a specific complex, associate only transiently in the cell, or that experimental conditions were not conducive to complex formation. Figure 1.Fluorescence anisotropy experiments. The binding affinities of EF-1α to **A**, Alexa Fluor-labeled LeuRS-AF and (**B**), labeled AlaRS-AF were measured using 100 nM of each labeled aaRS as a function of increasing concentrations of unlabeled partner protein. Representative data sets are shown, with values representing the means of three independent experiments.

The interaction between EF-1α and LeuRS was further investigated using antibodies against EF-1α in co-immunoprecipitation experiments ([Figure 2](#F2){ref-type="fig"}). Unlabeled EF-1α, bound by antibody specifically directed against EF-1α ([Figure 2](#F2){ref-type="fig"}, lane 2), was incubated with fluorescently labeled LeuRS-AF and the complex was extensively washed. LeuRS-AF co-immunoprecipitated specifically with EF-1α, but not in its absence ([Figure 2](#F2){ref-type="fig"}, lanes 7--8). Consistent with the lack of detectable affinity between AlaRS-AF and EF-1α in the fluorescence anisotropy experiments, labeled AlaRS-AF failed to co-immunoprecipitate with EF-1α ([Figure 2](#F2){ref-type="fig"}, lane 6). Figure 2.Co-immunoprecipitation of EF-1α with AlaRS and LeuRS. SDS-PAGE visualized by Coomassie brilliant blue staining and fluorescence scanning of unlabeled EF-1α with fluorescently labeled AlaRS-AF and LeuRS-AF. Lanes 1 and 3, protein molecular weight markers visualized by Coomassie staining and fluorescence scanning, respectively. Lane 2, immunoprecipitation of unlabeled EF-1α. Lanes 4, 5 and 7 show the EF-1α antibody bound by Protein A in the presence of either EF-1α, AlaRS-AF or LeuRS-AF alone, respectively. Lane 6 shows the co-immunoprecipitation experiment in the presence of EF-1α and AlaRS-AF. Lane 8 shows the co-immunoprecipitation of both LeuRS-AF and EF-1α. Lanes 9 and 10 indicate stock solutions of labeled LeuRS-AF and AlaRS-AF, respectively.

Effects of the EF-1α·LeuRS complex on GTP hydrolysis by EF-1α
-------------------------------------------------------------

Efficient protein synthesis requires EF-1α·GTP to bind and deliver aa-tRNAs to the ribosomal A site during translation elongation. Once codon--anticodon interactions have been established on the ribosome, EF-1α·GTP is hydrolyzed, resulting in the EF-1α·GDP form. The nucleotide exchange factor then exchanges GDP for GTP, activating EF-1α for another round of aa-tRNA selection. The archaeal EF-1α could be successfully activated with GTP ([Figure 3](#F3){ref-type="fig"}) and the protective effects of EF-1α on the labile *M. thermautotrophicus* Leu-tRNA^Leu^ ester bond were moderate under experimental conditions, providing an ∼2-fold increase in the half life of the aa-tRNA while the bacterial *T. thermophilus* EF-Tu increased the aa-tRNA half life by almost 3-fold ([Figure 4](#F4){ref-type="fig"}). The relatively low level of aa-tRNA protection by EF-1α made it impractical to quantify the effects of complex formation on this particular activity. As an alternative, the effects of LeuRS on the GTP hydrolysis activity of EF-1α were investigated. Upon complex formation between LeuRS and EF-1α, the rate of GTP hydrolysis by EF-1α was enhanced by ∼1.5-fold as compared to EF-1α alone ([Figure 3](#F3){ref-type="fig"}). Figure 3.Effects of complex formation on GTP hydrolysis by EF-1α. Measurements of GTP hydrolysis by 0.4 µM EF-1α·\[γ-^32^P\]GTP alone (filled square) were performed in the presence of BSA (filled triangle), or in the presence of a 5-fold (filled diamond) or 10-fold (filled circle) excess of LeuRS. Open triangle no enzyme control. Figure 4.Protection of Leu-tRNA^Leu^. Protection of 0.3 µM *M. thermautotrophicus* \[^14^C\]Leu-tRNA^Leu^ by 3.0 µM *T. thermophilus* EF-Tu (filled square), 3.0 µM *M. thermautotrophicus* EF-1α (filled triangle), or no enzyme (filled diamond).

Effects on aminoacylation of complex formation between EF-1α and LeuRS
----------------------------------------------------------------------

The potential impact of EF-1α on the activity of LeuRS was monitored with respect to Leu-tRNA^Leu^ synthesis. Steady-state aminoacylation kinetics of LeuRS in the presence of archaeal EF-1α·GTP or EF-1α·GDP both indicated that complex formation specifically enhances the kinetics of tRNA^Leu^ aminoacylation, leading to an 8-fold increase in the *k*~cat~ for Leu-tRNA^Leu^ synthesis and an overall enhancement in the rate of aminoacylation by LeuRS ([Table 3](#T3){ref-type="table"}; [Figure 5](#F5){ref-type="fig"}A and B). The enhancement seen in leucylation by EF-1α occurred irregardless of the guanine nucleotide bound by EF-1α ([Figure 5](#F5){ref-type="fig"}B). Addition of *T. thermophilus* EF-Tu, which protects archaeal Leu-tRNA^Leu^, did not result in a significant increase in aminoacylation by LeuRS as compared to the free enzyme ([Figure 5](#F5){ref-type="fig"}C). This indicated that aminoacylation by LeuRS is specifically enhanced by the archaeal EF-1α, regardless of the bound guanine nucleotide, and is not an artifact of aa-tRNA protection ([Figure 4](#F4){ref-type="fig"}) or a GTPase activity ([Figure 5](#F5){ref-type="fig"}C). Figure 5.Aminoacylation by LeuRS in the presence of archaeal EF-1α and bacterial EF-Tu. (**A**), Aminoacylation by 10 nM LeuRS alone (filled square) or in the presence of 3.5 µM *M. thermautotrophicus* EF-1α·GTP (filled triangle). (**B**), aminoacylation by 10 nM LeuRS alone (filled square) in the presence of 3.5 µM EF-1α·GTP (filled circle), EF-1α·GDP (open circle) or (**C**) 3.5 µM *T. thermophilus* EF-Tu·GTP (filled circle) or EF-Tu·GDP (open circle). Inverted filled triangle, *Mt* EF-1α alone. Table 3.Steady-state aminoacylation kinetics of *M. thermautotrophicus* LeuRSEnzyme[^a^](#TF3){ref-type="table-fn"}Additions[^b^](#TF4){ref-type="table-fn"}*K*~M~ tRNA^Leu^ (µM)*k*~cat~ (s^−1^)LeuRSNone1.4 ± 0.030.22 ± 0.01LeuRSEF-1α·GTP3.8 ± 0.61.7 ± 0.02LeuRSBSA1.1 ± 0.40.34 ± 0.09[^4][^5]

Association of EF-1α with the archaeal MSC
------------------------------------------

Formation of a stable complex between EF-1α and LeuRS raised the question of whether this association is part of the archaeal MSC. To purify the archaeal MSC, *M. thermautotrophicus* cell-free extracts were applied to a gel filtration and then to an anion exchange column and the fractions were assayed for aminoacylation activities of AlaRS, LeuRS, LysRS and ProRS as previously described ([@B15]). After extensive washing, the MSC eluted at low salt while AlaRS eluted with the free forms of the synthetases at high salt. Immunoblotting using polyclonal antibodies specifically directed against *M. thermautotrophicus* EF-1α indicated that the elongation factor co-purified with the MSC, but not AlaRS, in fractions from both gel filtration (data not shown) and anion exchange chromatography ([Figure 6](#F6){ref-type="fig"}). Further attempts to co-immunoprecipitate EF-1α with components of the archaeal MSC other than LeuRS were unsuccessful (data not shown). Figure 6.Co-purification of LysRS, LeuRS, ProRS and EF-1α. *M. thermautotrophicus* cell-free extracts, initially applied to a Sephacryl S300 gel filtration column, were applied to a Q-Sepharose column and extensively washed prior to development with a KCl gradient. Aminoacyl-tRNA synthesis activities were monitored in the eluted fractions; Lys-tRNA^Lys^ (open square), Leu-tRNA^Leu^ (open triangle), Pro-tRNA^Pro^ (filled triangle) and Ala-tRNA^Ala^ (filled square). The presence of EF-1α was assayed in each eluted fraction by immunoblotting with antibodies against EF-1α.

Effects of complex formation on the aminoacylation activities of the archaeal MSC
---------------------------------------------------------------------------------

Previously, we have shown that the association between LeuRS, LysRS and ProRS led to an enhancement in the steady-state kinetics of tRNA^Lys^ and tRNA^Pro^ aminoacylation by 3- and 5-fold, respectively ([@B14],[@B15]). No enhancement of the catalytic efficiency by LeuRS, however, was observed when in the presence of LysRS or ProRS. Since EF-1α associates with the archaeal MSC, we explored the possible effects of EF-1α on the aminoacylation activities of ProRS and LysRS. Neither the activities of ProRS nor LysRS were affected by the presence of excess EF-1α in either the GDP- or GTP-bound forms ([Figure 7](#F7){ref-type="fig"}A and B), while the addition of excess EF-1α resulted in enhanced aminoacylation by LeuRS ([Figure 5](#F5){ref-type="fig"}B). Taken together with previous data, it is clear that LeuRS enhances the catalytic activities of both LysRS and ProRS, while aminoacylation by LeuRS is enhanced by EF-1α. Figure 7.Effects of the association of EF-1α and the archaeal MSC on the aminoacylation activities of LysRS and ProRS. Aminoacylation by **A**, 100 nM LysRS (filled triangle) and (**B**), 80 nM ProRS (filled diamond) alone or in the presence of 3.5 µM EF-1α·GTP (filled circle) or EF-1α·GDP (open circle). Inverted filled triangle EF-1α alone.

DISCUSSION
==========

Complex formation between aaRSs and EF-1α
-----------------------------------------

In the present study, a yeast two-hybrid screen identified AlaRS and LeuRS as proteins that potentially interact with archaeal EF-1α. Stable complex formation between EF-1α and LeuRS was confirmed *in vitro* while the association with AlaRS could not yet be further supported experimentally. This is in agreement with the recent suggestion that translation EFs may be predisposed to form complexes with certain class I aaRSs such as LeuRS, which are suggested to be rate-limited by release of aa-tRNA ([@B3]). In contrast, class II aaRSs such as AlaRS are rate-limited at a step prior to product release and may not require stable complex formation with EFs for efficient aminoacylation. The interaction with LeuRS in archaea adds to a growing list of associations formed between EF-1α and various aaRSs, suggesting that a significant proportion of these proteins may be sequestered within the cell ([@B6],[@B19],[@B22; @B23; @B24]). Our inability to detect interactions with other aaRSs in the yeast two-hybrid screen implies that either the heterologous yeast system hinders their detection, or that complexes with EF-1α are rarer in archaea than in eukaryotes.

Functional consequences of the association between LeuRS and EF-1α
------------------------------------------------------------------

Although complex formation resulted in only a modest enhancement in EF-1α·GTP hydrolysis, the effects on aminoacylation by LeuRS were more pronounced. The *k*~cat~ for Leu-tRNA^Leu^ synthesis was enhanced by ∼8-fold in the presence of EF-1α, as compared to free enzyme. This is reminiscent of the complex identified between human EF-1α·GTP and ValRS, which led to an ∼2-fold enhanced aminoacylation ([@B19]). Distinct from the previously identified complexes, the enhancement in leucylation by EF-1α occurred irrespective of the bound guanine nucleotide (GTP or GDP). This suggests that the surfaces mediating the interactions between LeuRS with EF-1α allow the two proteins to remain in contact, regardless of whether aa-tRNA is bound by EF-1α or LeuRS. This would allow EF-1α to freely alternate between the GDP-bound enzyme and the GTP-bound form (capable of binding aa-tRNAs), while maintaining interactions with LeuRS. This would also explain the apparent stability of the complex, and its potential role in substrate channeling, since delivery of aa-tRNA to the ribosomal A site would not necessitate dissociation of LeuRS from EF-1α.

The archaeal MSC
----------------

Whether the LeuRS:EF-1α complex exists as a discrete binary complex, or instead is part of a larger macromolecular machine, is unclear. Preliminary findings suggest that EF-1α is linked to the archaeal MSC through its interactions with LeuRS ([Figure 6](#F6){ref-type="fig"}). The association of EF-1α with the archaeal MSC may contribute to the overall efficiency of translation by enhancing aminoacylation by all three aaRSs, as the catalytic efficiencies of LysRS and ProRS were enhanced when in the presence of LeuRS, while EF-1α has been shown to enhance aminoacylation by LeuRS. The efficiency of translation may also be enhanced through substrate channeling of aa-tRNA directly from the aaRSs to EF-1α. As EF-1α has been shown to be linked to LeuRS, LysRS and ProRS through its interactions with LeuRS, these associations may allow substrate channeling of all three aa-tRNAs synthesized by the aaRSs associated in the archaeal MSC. In conjunction with earlier data, this suggests that complex formation between LeuRS, LysRS, ProRS and EF-1α may play a role in translation both by enhancing the catalytic efficiencies of all three aaRSs, and by providing a mechanism whereby aa-tRNAs synthesized by the archaeal MSC are channeled directly to the ribosome without diffusion into the cytoplasm.
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[^1]: ^a^ORFs are numbered according to the annotated genome sequence of *M. thermautotrophicus.*

[^2]: ^b^Predicted functions of the corresponding proteins are taken from the TIGR Comprehensive Microbial Resource (<http://cmr.tigr.org/tigr-scripts/CMR/shared/AnnotationSearch.cgi>).

[^3]: Growth phenotypes on selective media for interactions between reference proteins (A--D controls, ProQuest Two-Hybrid System, Invitrogen), and between EF-1α (encoded in the bait vector pDBLeu) and LeuRS or AlaRS (library inserts in the prey vector pDEST). Growth on selective media SC -Leu, -Trp, -His, +25 mM 3-AT or on SC -Leu, -Trp, -Ura, +0.02% 5-FOA where − indicates no growth, + weak growth, ++ moderate growth and +++ strong growth.

[^4]: ^a^Enzymes were added at a final concentration of 10 nM.

[^5]: ^b^Addition of other components at 3.5 µM each.
